. This provides the user with a consistent interface, a set of sophisticated tools, and an easily extendible and customizable environment.
Introduction
Structure determination of peptides and proteins by NMR is a straightforward task nowadays and many structures are solved daily using this technique. Assignment of the NMR spectra is one important step in the procedure and consists of locating all the spins in the NMR spectral width, and determining the nature of all the observed cross-peaks.
The assignment is determined from a set of multidimensional spectra. The J-correlated spectra-COSY and TOCSY in the homonuclear case; HSQC, HNCOCA, HCCH-TOCSY, etc., in the heteronuclear case-give information on the topology of the molecule, whereas the distance-correlated spectra (NOESY) give information on the spatial proximity of the spins in the molecular structure.
Procedures for obtaining the assignment of the resonances are well known, and two methods are widely used. The socalled 'sequential assignment' method (Wüthrich, 1986) relies mostly on homonuclear spectroscopy and consists in assigning the hydrogen of intercorrelated spin-systems from the J-correlated spectra, and in locating these spin-systems along the primary sequence of the molecule by using (i, i + 1) correlations found in the NOESY spectrum.
The second method relies on the heteronuclear spectra and permits a direct assignment of the atoms of the backbone (Bax and Grzesiek, 1993; Wüthrich, 1995) . However, it requires isotopic labelling of the nitrogen and carbon atoms of the molecule, and thus necessitates the recombinant production of the molecule. Intermediate approaches are possible, for instance if only the nitrogens of the molecule are labelled.
The complete assignment of all the peaks observed in the NOESY spectra can be solved only in an iterative procedure where the user interprets the weakest observed peaks in light of preliminary structures obtained by molecular modelling from a partial assignment. Even in the case of peptides, the assignment of the NMR spectra is always an arduous task and may be considered as the limiting step of structural determination by NMR.
Several programs have been proposed for helping the spectroscopist in the assignment process (Zimmerman and Montelione, 1995) . Some programs (Kraulis, 1989; Inisan, 1994; Johnson and Blevins, 1994; Kjaer et al., 1994; Bartels et al., 1995) reproduce on screen the traditional work accomplished with paper and rulers, and add to this graphic interaction a log of the assignment information. This can consist of a simple management of the spin chemical shifts, or can include a complete peak database. Other programs (Bernstein et al., 1993; Bartels and Wüthrich, 1994; Olson and Markley, 1994; Zimmerman and Montelione, 1994; Morelle et al., 1995; Neidig et al., 1995; Bartels et al., 1996 Bartels et al., , 1997 Li and Sanctuary, 1997a,b) take a different approach and try to handle automatically the assignment process from the data set itself. These programs are based on algorithmic methods which allow coherent solutions to the problem by taking all the assignment logical constraints into account.
This latter approach can be very successful in the case of heteronuclear spectra, because the spectra are relatively empty, with well-defined peaks. Automation also tends to be a necessity because of the very large data set sizes. On the other hand, it appears much more difficult in the homonuclear case because of the number of artefacts present in the spectra; peak alignments are also more difficult to detect because of the large degree of spectral superposition present in these spectra.
In this paper, we present a complete NMR assignment module, developed in the Gifa program (Pons et al., 1996) , which handles all the data display and database management for homonuclear, sequential assignment of peptides and proteins. The present work belongs to the class of computeraided manual assignment methods.
Systems and methods
The main characteristic of the work presented here is that the program is implemented within the Gifa program (Pons et al., 1996) and is developed solely in the macro language of this software. Gifa is a general-purpose NMR processing program, which permits the processing and display of one-dimensional (1D), 2D and 3D NMR spectra. Gifa is built around three independent modules: (i) the processing kernel; (ii) the display and interface primitive; (iii) the macro language.
The processing kernel contains all the basic functionalities for 1D, 2D and 3D processing, as well as many other sophisticated methods (baseline correction, Hilbert transforms, Maximum Entropy, Linear Prediction, peak-picker and line-fitter). The primitive graphic functions allows 1D spectra display, 2D spectra display in bitmap or in contour-plot mode, and 3D spectra in perspective. An interactive zoom is also available. A complete set of primitives and widgets is designed to build all the graphic user interface of the software.
The macro language embedded in Gifa is a classic procedural language. Macro commands can be called from the command line as well as from graphical widgets. It is a complete language with local and global variables, control structures and a full set of functions. All the global contexts describing the current state of the program and of the current data set are available for macro processing. A variable number of arguments can be passed to macro commands.
The program handles associative arrays much in the way the awk or perl languages do (Wall and Schwartz, 1993) . Associative arrays differ from arrays such as those found in the C language, in the sense that any string can be used for indexing, rather than just integer numbers. This means that, for example, TAB[1], TAB [12] , TAB [Ala] are valid entries of the same array. Another advantage of the associative arrays is that entries are allocated when needed. Thus, in the example given above, the entries 2, 3, 4, … 11 need not exist. In Gifa, the associative arrays are used for character string storage, without any lack of generality, since a string can always code for a number. Conventional data structures can be built easily using these arrays, such as look-up tables, n-dimensional arrays, chained lists and composite databases. A simple field extraction routine on the content of the array element can be used to isolate one of the pieces of information.
Access to DBM databases has been implemented in Gifa. DBM is a data format for flat indexed databases and is standard in most Unix implementations. In the Gifa macro language, a database is opened by binding it to a pseudo associative array; accesses, creations and deletions are performed as if database entries were bona fide user variables. Several control structures in the Gifa macro language are specific to associative arrays and to DBM files, with the possibility either scanning the entire database or searching for entries with some criteria on the content.
It should be noted that the combination of a set of graphic primitives with the macro language creates a powerful application generator. This has been used to design the standard graphic user interface (GUI) of Gifa using a set of macros. This kind of set-up permits the fast development of new features, as well as a very robust and easy to maintain code. This approach is very similar to generic packages such as tk/tcl or Python (Ousterhout, 1994; Lutz, 1996) ; however, the set-up used here is different since all the components are built into one program and can be finely tuned to the specific needs of NMR.
In the current assignment module, the set of independent functions which are required by a typical NMR assignment program (spectral display, assignment tools, database management) are all implemented with the help of the basic features of the Gifa program. The complete module is written in the Gifa macro language with some functionalities also relying on the presence of an underlying POSIX shell.
Implementation

Display
The program uses the standard GUI and display possibilities of Gifa, and can display 2D spectra in density or contour mode (Figure 1 ). The display is fully interactive; scales and units can be easily modified, the zoom window can be moved at will and zoomed in and out. Furthermore, several data sets can be superimposed on screen. A simple interactive box permits the user to define specific regions of the spectra under study and to zoom into these regions rapidly. These region definitions are stored on disk so that they can be reused during the next assignment session. Several data sets, corresponding to different spectra of the same compound, can be handled by the program. A list of the spectra of interest is built as a set of POSIX soft-links pointing to the actual data sets. The program then handles this list, and allows rapid loading or display of one of these pre-selected data sets. Data sets can be loaded in-memory or through a cache-memory system, and there is no limit on either the number or the size of the data sets. Fig. 1 . Example of the screen display during the course of an assignment. The 'Gifa' top window is a menu bar giving access to the Gifa commands. The five right-most menus are specific to the assignment module, while the others are generic to the program. The 'Zo om box' window allows the interaction with the display. The zoom window can be defined and shifted, the display scale can be modified, and the position of the cursor and the spectral intensity at this position are given. Finally, the full spectrum is shown at the bottom of the window with the current zoom window outlined. Predefined zoom windows can be defined, named, stored, retrieved and jumped into through the 'zoom control' window. The 'marker 2' window is the user interface of the marker tool as presented in the text. This tool permits the storage and redrawing of lines defined by the user in the spectrum. Several such markers can be active at the same time.
Data structure
All the relevant information related to the assignment work in progress is located in a single directory tree called a 'project'. The project tree also contains the data set links described above, the primary sequence of the molecule under study, the PDB files (if available), as well as the assignment database.
The program relies on two independent databases to handle the assignment information. One contains the static definition and the topology of the different spin-systems and residues known by the program. This database is common to all assignment projects and is loaded in a read-only mode into the program. It can be modified by the user to fit the requirements of specialized assignment projects (e.g. adding special spins, modifying the content of spin-systems).
The assignment information is stored in a second database in a hierarchical manner. The data structure is built in a natural way for peptides and proteins, which can be viewed as linear chains of predefined residues where each residue is composed of one or several independent spin-systems. The database thus stores information on the primary sequence, the spin-systems, the spins of the molecule under study and on the peaks observed in each NMR experiment (Figure 2) .
A spin-system is a set of interrelated spins as would be observed in a correlation experiment such as TOCSY. For each spin-system, pointers to the spins composing the system are stored, as well as the name of the spin-system and its Fig. 2 . A graphical representation of the structure of the assignment database. On the top, a schematic of the spectrum is described; on the bottom, the internal coding of the assignment information. Each small window represents an entry in the database and arrows represent pointers. index in the primary sequence, if already assigned. Spins are stored independently with their resonance frequency, their name and the spin-system to which they belong. Finally, for each peak, the spectral coordinates, the amplitude and pointers to the associated spins are also stored.
Peaks are associated with experiments rather than with the molecule, so an independent peak database is kept for each of the pre-selected NMR experiments of the study. The fact that spin coordinates are stored independently to peak coordinates permits great flexibility and allows adaptation for the small frequency shifts observed from one experiment to another.
This arrangement is implemented as a set of three DBM files: one for the spin-systems, one for the spins and one for the peak set detected on each analysed experiment. The index and content of DBM entries are strings and stored as textual fields. For each peak entry, the index is built as a unique identifier from the chemical shifts of the peak. Entries in the peak database can be created from the result of a peak search, as obtained with the standard peak-picker implemented in Gifa, or updated in the course of the assignment as the other databases are.
It should be noted that the process of assignment determines to which spin and spin-system a given peak is related. This information is then handled in the program as pointers within the different parts of the assignment database (Figure 2) . This data structure can be easily extended to fit other information. Missing information (e.g. when dealing with partial assignment) is simply noted as 'unknown'. There is little information redundancy between the different storage elements, so the database is robust. Additionally, a set of commands have been added to check its integrity.
User interaction
The basic interaction mode with the NMR data set is that of Gifa itself. The assignment information can be displayed on screen over the regular spectral display. Peaks, spins and spin-systems are displayed on the spectrum as boxes, lines or sets of lines, respectively (Figure 3) .
Each of the objects (peaks, spins or spin-systems) can be selected by clicking on the spectrum. Rapid object selection by clicking is based on a primitive within the Gifa macro language which allows the selection of database entries from numerical criteria. Currently, a simple linear search is performed over the n first fields of the DBM entries. Response times have proven rapid enough on databases evaluated thus far, some containing several thousand entries. However, a hash-table search could also be easily implemented to increase the response time further.
A selected object can then be displayed and edited in detail (Figure 4 ). All the entry fields can be modified from this form and graphical checks are also available. The hierarchy of the assignment database is mimicked in the interactive forms and entries related to the edited object can also be accessed and modified. For instance, spins composing a spin-system can be accessed when editing the spin-system itself.
The basic interaction with the assignment program thus consists of detecting assignment features from the spectral display and creating or modifying the corresponding entries in the assignment database. In this sense, it tries to match closely the usual assignment work as performed with a ruler on spectra drawn on paper sheets. However, several tools are incorporated which greatly help the user in this task. Firstly, the standard peak-picker incorporated in the assignment module permits simple detection of all the peaks in a given 2D experiment, thus populating the peak database with a set of unassigned peaks. Secondly, the computer equivalent of a ruler, which we have called a 'marker', is also provided. It Fig. 3 . Zoom on the aliphatic-HN region of the NOESY spectrum of toxin γ. Assigned peaks are marked with a box and a label showing the assignment. Unassigned peaks are marked with a cross. An assigned spin-system (Ile 58) is outlined. Fig. 4 . An edition window showing the content of the assignment database. The example used is a ROESY peak corresponding to (CH3) γ -HN of Ile 58 of toxin γ. The values held for this peak can be edited, the spectral display can be centred on this peak, the peak label can be shown in the spectrum or the peak entry removed from the database. The spins linked to this peak can be displayed directly on the spectrum or edited from another edition window.
consists of a set of lines located at given spectral positions that can be drawn on the screen at will. The user simply defines such a set of lines by clicking at the desired locations on the spectrum. The set of lines is then stored and can be redrawn on the display at any time (Figure 1) . The marker tool allows simple checks for peak alignments, eventually across different data sets. When such a marker outlines a set of peaks originating from spins associated in a spin-system, a simple operation allows the assignment of the detected spins and the corresponding new spin-system, and entry into the assignment database.
Other basic tools are also available for searching all the spins at a given spectral location, or for detecting peaks in a given spin-system. A search in an associated PDB file has also been included using the perl language, so that the spatial distance between given spins in the molecular structure can be checked.
The program constantly monitors the coherence of the database, e.g. verifying that the topology of the assigned spin-system corresponds to a known topology or that the coordinates of an assigned peak are not too far from the frequencies of the spins to which this peak is assigned.
Support for double-resonance 3D
The module, as presented here, is designed for an assignment task performed from a set of 2D homonuclear spectra. However, because of its modular structure, the extension to heteronuclear double-resonance 3D experiments ( 15 N or 13 C HSQC-NOESY and HSQC-TOCSY) is possible. The assignment work is now based on composite 2D strip-files, which are built by extracting slices from the 3D data set at the location of the 2D HSQC peaks. Virtual spins are then added, corresponding to the peaks on the HSQC, and the strip-file is then handled as a regular homonuclear 2D spectrum.
Specific tools
Additionally, a full set of tools have been designed which exploit the information gathered and set-up during the assignment process. Textual and graphic reports can be generated, as can listings from the elements of the databases sorted by primary sequence order (for spin-systems), or in chemical shift order (for spins and peaks). On screen, each assigned spin-system can be outlined (Figure 2) , and for peptides and proteins, a NOESY walk can be drawn either in the HN-HN region or in the HN-Hα region.
The assignment information can then be used to generate a list of distance constraints to be used as input for the molecular modelling step. Files with formats suitable for the XPLOR (Brünger, 1993) and the DYANA programs can be generated. The constraint distances are evaluated either from a peak intensity or a peak integration. Constraints are built by classifying NOESY peaks in three classes corresponding to large, medium and weak NOE effects, and the classes determined from a set of typical peaks given by the user. Finally, there is a support for integrating a set of 2D data sets, allowing the processing of build-up or relaxation curves.
NOE ambiguities, where a NOESY cross-peak cannot be unambiguously assigned to a single pair of spins, can be handled in the program by creating several peaks located at the same chemical shift coordinates in the database. Ambiguities can also be noted manually in the note field of the peak entries; these notes are then printed as comments in the output constraint file.
Some administration commands are also available. A history of the assignment process is kept in the project. This is done by systematically backing up the complete project tree in an archive file when entering the assignment module. A series of such backups is then archived, allowing the restora-tion of the databases in previous states. A set of commands is also available to check the integrity of the database (detect dangling or duplicate entries) and to verify for data coherence (misalignments or topology errors) at any time.
In its present form, this program represents ∼5000 lines of macro language. This is a small number with respect to the number of functionalities provided by the assignment module. The compactness is a consequence of the high level at which development in the macro language takes place.
Discussion
Many software packages are available for the purpose of NMR spectra assignment and, certainly, many of the features found in the present module have equivalents in other such programs. However, the embedding of a programmable assignment module into a general-purpose NMR processing program in an integrated way, has many benefits. The presence of these two characteristics is a distinctive feature of Gifa with respect to other NMR software.
One of the benefits is the close interaction between the assignment module and the complete NMR processing program available in Gifa. This keeps the user interface consistent between the processing and the assignment, and allows rapid program learning. Interaction with the data is also improved, since assignment programs usually do not allow data set modification. The assignment module of Gifa is based on two open formats: the DBM format for the assignment databases and the macro language. The DBM database file format is well suited to assignment task and its use ensures that the assignment information contained in the databases can be directly read by other programs, e.g. perl. The macro language on which the assignment module is built is specific to Gifa and is well suited to the specific needs of NMR processing and handling. It allows compact and modular functions to be developed. The use of this macro language facilitates the development process, since high-level features are handled directly by the development language. Thus, the assignment program is exempt from low-level difficulties such as memory leaks or graphic properties management. As an additional benefit, the program is available on all the platforms on which the Gifa program has already been ported, i.e. most UNIX implementations.
Finally, the program can be easily modified and extended by the user. The user can quickly develop specific tools to fit exact needs and these tools can then be integrated into the assignment module itself in a transparent manner.
In future, we plan to develop new features in this assignment module. We wish to improve the handling of NOE peak ambiguities and then to implement a true 3D assignment tool, which will allow the handling of double and triple resonance spectra. Primitives are already present in the Gifa program to do so, but the GUI part remains to be completed. Finally, we will reinforce the integration with other software by implementing inter-process communication. This will allow better communication between the Gifa assignment module and other programs, such as molecular modelling or visualization programs used in the structure determination procedure.
The program as described here, in association with the whole Gifa package, is currently available on request from the authors at the following URL: http://www.cbs.univmontp1.fr/GIFA. Complete documentation including a percommand help and a hypertext version of the manual is also available.
